Abstract-By analyzing the configuration of a 6R manipulator based on global performance index, the problem is proposed in this paper. The performances of two configurations cannot be compared based on the global performance index, if the configurations have same index. To solve the problem, an improved performance index is proposed in this paper. Firstly, this paper points out the boundary distribution index (BDI) based on the distribution of the singular points in the workspace. Secondly, the effectiveness of BDI is verified by comparing with the existing performance index. In addition, an improved performance index is established with the combination of the existing performance index and BDI. Then, the effect of offset on the manipulator is analyzed based on the improved performance index. Finally, the optimized configuration is obtained by the improved performance index and contrasts with other configuration. Then, the effectiveness of the improved performance index is verified.
I. INTRODUCTION
With the rapid development of industrial robots, more and more configurations of robot manipulators are proposed. Scholars from different countries have done a lot of researches in this field, and most researches were based on the movement performances of robot manipulators [1, 2, 3] . The flexibility is an important performance index that evaluates robot manipulators, including the condition number, manipulability and direction of manipulability. The flexibility of robot manipulator reflects the global conversion capacity which is able to move and force in any direction in the whole workspace [4, 5] . With the singular value of the Jacobian matrix, Ma Ruqi [6] established the evaluation based on the condition number and the manipulability, and optimized the parameters of a robot configuration. Liu Yajun, etc. [7] discussed the type synthesis of a 6R manipulator by the manipulability, and found the configuration that met the targets by comparing the flexible workspace of different configurations.
In summary, most researches on flexibility are based on the Jacobian matrix. Salisbury and Craig [8] defined Jacobian matrix condition number k to measure the kinematics performance of the robot. Because the Jacobian matrix depends on the position and orientation of robot, the condition number cannot reflect the performance of robot in the whole workspace. So Gosselin [9, 10] defined the global performance index to measure the flexibility of robot. While it cannot reflect the fluctuations of the index, Shi Zhixin [11] proposed the global performance fluctuating index to improve the global performance index. In fact, many performance indices are related. Zhao Jing [1] analyzed the multiple performance indices and found the correlation between different indices by the method of principal component. But the correlation was still analyzed based on the above indices, and did not consider the distribution of singular points in the workspace.
By analyzing the configuration of a 6R manipulator based on the global performance index, the problem is proposed that if two configurations have the same global performance index, the performances of the two configurations cannot be compared based on the global performance index. And the global performance index cannot reflect the distribution of singular points in the robot workspace. To solve the above problem, the improved performance index is proposed in this paper. In addition, a boundary distribution index based on the distribution of the singular points in the whole workspace is defined.
The improved performance index is established by combining the existing performance index and the boundary distribution index. The effects of robot parameters are researched by the improved performance index. Moreover, by comparing the improved index with the global performance index, it can be seen that the two configurations with the same global performance index can be distinguished by the improved performance index and the optimized configuration is obtained by the improved performance index. This paper is organized as follows: The overview of the completed research work and the analysis based on the global performance index are presented in Section I and II. The improved performance index is introduced in Section III. The optimization analysis of the 6R manipulator is described in Section IV. Finally, the conclusion is given in Section V.
II. THE ANALYSIS BASED ON THE GLOBAL PERFORMANCE INDEX
Most of the studies on the kinematics flexibility are based on the Jacobian matrix. Jacobian matrix plays an important role in the research on the flexibility of the robot movement, which is the base of widely research. In this section, the performances of the different configurations are compared based on the global performance index. Since the Jacobian matrix depends on the position and the orientation of a robot, the condition number of Jacobian matrix is just a partial property, which cannot reflect the global performance in the whole workspace. Therefore, Gosselin defined the global performance index, as the following equation: W presents the workspace.
The index  is a global one, which is based on the condition number of Jacobian matrix in whole workspace. From the definition of the global performance index, it is not difficult to find that the index is the average of the reciprocal of condition number in the whole workspace. Fig.1 The kinematic sketch of mechanism and the D-H coordinate system of the robot
In this paper, 6R manipulator is the research subject. The kinematic sketch of mechanism and the D-H coordinate system of the robot are shown in figure 1 . The manipulator consists of six rotary joints, the relationship between joints is
Firstly, the kinematics of the manipulator is derived by matrix multiplication of the individual link matrices: 
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where
With the equation (3), we can get the position of the end of the robot with the angle values of the six joints: By differential-vector method, the Jacobian matrix J can be obtained. The Jacobian matrix condition number k can be calculated according to equation (1) . Further, the global performance index by the equation (2) can be obtained.
In this paper, the manipulator workspace is obtained by Monte Carlo method and Matlab Robotics Toolbox. The number n of the workspace points is 2X10 It can be calculated that the global performance index of configuration A is 0.057 by the expressions, and the global performance index of the configuration B is also 0.057. So, if the kinematic performances of the two configurations are analyzed based on the global performance index, the two configurations have the same performance. However, by comparing the distribution of the singular points of the two configurations in Figures 1 , the following conclusion can be obtained: for the configuration B, the most singular points are close to the workspace boundary; for the configuration A, they distribute inside the workspace. In other words, it means that for the available workspace, the configuration A is worse than the configuration B.
In the above case, the global performance indices are approximately equal for two configurations. It is difficult to evaluate the kinematic performance of the two configurations. So the performance of the two configurations cannot be compared by the global performance index, and the global performance index requires to be improved.
III. THE IMPROVEMENT PERFORMANCE INDEX
As shown in figure 3 , the red points represent singular points of the manipulator workspace. The x-z section is taken to make an easy express, and the manipulator workspace is rotated 360° around the z-axis. The blue line and purple line represent the boundaries of the workspace, and the green line represents the set of points which have equal distance to the blue line and the purple line (such as point 2). For the singular points of the manipulator workspace, L 1 represents the distance to the blue border; L 2 represents the distance to the purple border. And four kinds of singular points are shown in the figure.3:
 For the first kind of points, when L 1 +L 2 <e, these points are regarded as the singular points that they locate on the boundary of the boundary. In this paper, e is given R/20, and the number of the point is set to m 0 ;
 For the second kind of points, the singular points distribute on the green line, which have the 
where   ,,
x y z is the coordinate of the point i in the basic coordinate system, X 0 is the distance from the coordinate origin to the blue border, R is the radius of the purple border, namely the radius of the workspace. x y z ). In other words, X 0 represents the inner boundary or the symmetry axis of the manipulator workspace, and R represents the outer boundary of the manipulator workspace.
The above parameter l i presents the character that the point i is relative to the workspace boundary, and
When l i = 1, it is indicated that the point i is on the workspace boundary, which is defined as the border points. For the first kind of points, l i =1 is set in the paper. When l i = 0, it is indicated that the point i is the furthest away from the workspace boundary.
According to equation (4), it can be obtained that the larger the l i is, the closer the singular point is to the border. For the whole workspace, there are m singular points, so the boundary distribution index of the singular points in workspace is defined as follows:
where m is the number of singular points in the workspace, and l i is the boundary distribution index of the singular points defined above. The equation (7) shows that the smaller the  is, the more concentrated the singular points are to the boundary and the better the configuration is.
In order to verify the reasonableness of the boundary distribution index of the singular points in workspace, the indices of the following four configurations are compared, as shown in Table II The distribution of 1/k in the workspace
The size of parameters As shown in Table II , for the different configurations, the distributions of the condition number are compared. Many singular points of configuration 1, 3 gather in the internal workspace, however, most singular points of configuration 2 concentrate on the boundary and less singular point distributes in the workspace. In this case, the kinematic performance of the configuration 2 is more preferable in the workspace. The global performance indices of the configuration 1, 2, 3 are similar, but the distributions of the singular points are different. So the global performance cannot evaluate the merits of the two configurations. By comparing the boundary distribution index of the singular points in workspace, it shows that the boundary distribution index of the configuration 2 is smaller than the configuration 1, 3. The result proves the rationality of the index.
By comparing the configuration 4 with the configuration 1, 2, 3 based on the distribution of the condition number, it can be seen that the singular points of configuration 4 are mostly located on the workspace boundary, and the boundary distribution index is far smaller than the one of the other configurations. Furthermore, it verifies the reasonableness of the boundary distribution index.
Combining the global performance index with the boundary distribution index, the improved index f is constructed as the follows.
where the  presents the global performance index and the  presents the boundary distribution index.
As described above, the lager the global performance index and the smaller the boundary distribution index, the better the performance of the configuration. Based on these principles, the smaller the improved index f is, the better the performance of the manipulator is. The flow chart of program is shown as figure. 4.
IV. THE OPTIMIZATION ANALYSIS OF THE 6R MANIPULATOR
For the 6R manipulator above, according to the global performance index and the boundary distribution index, the effect of configuration parameters of the manipulator, such as link size and offset size, are analyzed. Furthermore, with the boundary distribution index, the parameters of the manipulator are optimized and the optimal configuration is obtained based on the boundary distribution index. As can be seen in Table III , the combination of the parameters in No.1 is the optimal one, and the improved index is 2.46. The improved index f of the configuration is the smallest compared with other serial configuration, so the performance is the best. For the global performance index, the value of the number 1, 2, and 3 is close, however, the optimal configuration cannot be got. By comparing the improved index, the optimal configuration can be obtained. It embodies the advantages of the improved performance index.
V. CONCLUSION
By analyzing the flexibility of a 6R manipulator based on the global performance index, the problem was proposed that the performance indices of different configurations were similar and the different configurations cannot be distinguished with the global performance index. But the distributions of the different configurations were different. The boundary parameter which reflected the distance between the singular pose points to the boundary was defined. Then the improved performance index was proposed based on the boundary parameter. By analyzing the distribution of different configurations, the rationality of the index was proved. The more the points distributed near the boundary, the smaller the boundary distribution index. Further, by the improved performance index, the different configurations with the similar global performance index can be distinguished. Finally, the optimized configuration was obtained with the objective function and the GA.
The improved performance index can be a reference for the configuration analysis of robot manipulators. However, in the analysis process of the improved index, there was no verification of the other configurations of manipulators, which should be research in the next step.
